Abstract Survivin is a tumor-associated antigen with significant potential as a cancer vaccine target. We have identified a survivin peptide mimic containing human MHC class I epitopes and a potential class II ligand that induces a potent antitumor response in C57BL/6 mice with GL261 cerebral gliomas. This peptide is able to elicit both CD8? CTL and T helper cell responses in C57BL/6 mice. The corresponding region of the human survivin molecule represented by peptide SVN53-67 is 100% homologous to the murine protein, but SVN53-67 is weakly immunogenic in man. We evaluated several amino acid substitutions in putative human MHC I anchor positions in SVN53-67 to identify potential peptide mimics that could provide an enhanced antitumor immune response against human glioma and primary central nervous system lymphoma (PCNSL) cells in culture. We evaluated survivin peptides with predicted binding to human HLA-A*0201 antigen using peptide-loaded dendritic cells from PBMC of patients with these malignancies. One alteration (M57) led to binding to HLA-A*0201 with significantly higher affinity. We compared the ability of autologous dendritic cells loaded with SVN53-67 peptide and SVN53-67/M57 in CTL assays against allomatched and autologous, survivin-expressing, human malignant glioma and PCNSL cells. Both SVN53-67 and SVN53-67/M57 produced CTL-mediated killing of malignant target cells; however, SVN53-67/M57 was significantly more effective than SVN53-67. Thus, SVN53-67/ M57 may act as a peptide mimic to induce an enhanced antitumor CTL response in tumor patients. The use of SVN53-67/M57 as a cancer vaccine might have application for cancer vaccine therapy.
Introduction
Survivin is one of the most specific cancer antigens identified to date because it is expressed in a large percentage of tumors and is rarely detectable in normal tissue [1, 2] . Survivin expression occurs commonly in malignant gliomas [3] [4] [5] where it is associated with a poor prognosis [6, 7] . Because many different cancer types express survivin, its use as a tumor vaccine target might have broad application for cancer vaccine therapy. Evidence suggests that patients with cancer, including those with malignant gliomas, are auto-immunized to survivin epitopes [8] . Antibodies to survivin and specific T cells that are reactive to the survivin molecule have been detected in cancer patients. Although the process by which this auto-immunization occurs is not well defined [8] .
Epitopes of intracellular proteins, including those of survivin, appear on the surface of tumor cells in association with MHC class I molecules. CD8? CTLs are activated by tumor-derived peptides presented in context with MHC class I antigens expressed on the surface of antigen presenting cells (APC's). The tumor antigen-MHC class I complex binds to the antigen-specific T-cell receptor on CD8? cells and stimulates T-cell activation. Certain survivin epitopes that are correctly presented by tumor cells, and are recognized by these activated, specific CTL, may elicit antitumor responses [5, 9] . Therefore, identification of survivin peptides that bind to MHC class I molecules and can elicit strong cellular immune responses is an important aspect of anti-survivin cancer immunotherapy.
Generation of an effective and specific cell-mediated immune response may require the activation of both CD8? T lymphocyte subsets and CD4? helper T cells. To activate a CD4? T-cell response, antigens must be presented to CD4? T cells in conjunction with MHC class II molecules. Once CD4? T cells have been activated, they proliferate and produce cytokines (e.g. IFN-c, IL-2, and IL-4) that enhance the immune response. These cytokines are essential to provide a fully activated and sustained CD8? antitumor CTL response. Consequently, a cancer vaccine strategy that activates both specific CD8? CTL responses and CD4? helper cell support may be more effective than one that activates the CD8? CTL arm alone.
The current study is based on our preliminary observations that survivin cDNA and peptide vaccines inhibit the growth of glioblastoma in rats and mice [5, 9] . CTL responses can be generated using either the whole survivin molecule, or smaller domains of survivin [5] . Responses generated from such vaccines can have an antitumor effect against cerebral gliomas in an orthotopic murine glioma model [5, 9] . In the current study, we designed a survivin peptide mimic with strong MHC class I binding properties that can also elicit T-helper cell support. The purpose of this approach was to identify survivin peptides that might be suitable for clinical application. The peptide mimic described below incorporates multiple class I epitopes with predicted binding to HLA-A*0201 and potential class II ligand activity.
Methods

Peptides
Peptide synthesis was performed using Fmoc chemistry and a solid support resin (Sigma-Genosys, The Woodlands, TX). Each peptide was stored at -70°C until use and was initially diluted in DMSO. The following peptide sequences were synthesized: SVN53-67 peptide DLAQCFFCFKELEGW, SVN53-67/M57 peptide DLAQCFFMFKELEGW, Flu peptide GILGFVFTL, HPV18-27 FLPSDKFPSV (FITC-K23), and GP100 209-217 ITDQVPFSV. An ovalbumin peptide (OVA258-265) with the sequence SIINFEKL was used as a negative control in some experiments. Keyhole Limpet Hemocyanin (KLH) was conjugated to SVN53-67/ M57 by maleimide coupling to N-terminal cysteine.
Detection of survivin in tumors
Human and murine tumors were removed and immediately snap frozen in liquid nitrogen. RNA was extracted from frozen human gliomas and purified with an RNAeasy kit (Qiagen, Valencia, CA, USA). Oligodeoxyribonucleotide primers to the human survivin gene (GCATGGGTG CCCCGACGTG as a forward primer and TCCGGCCA GAGGCCTCAATCCAT as a reverse primer) were used in reverse transcription polymerase chain reaction (RT-PCR) detection of transcript using a Superscript III RT-PCR kit (Invitrogen, Carlsbad, CA, USA). For immunohistochemistry of murine tumors, frozen tissues were sectioned at 12 l and sections were air-dried and fixed in acetone/ chloroform for 10 min. Non-specific binding was blocked with sera specific for secondary antibodies and stained using antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) to survivin (FL-142) overnight at 4°C. Sections were washed 3 times with PBS. Labeled secondary antibodies (BioLegend, San Diego, CA, USA) were incubated with sections for 1 h at 27°C, followed by three washes with PBS. Detection was performed utilizing a Nikon Eclipse fluorescence microscope.
Intracerebral GL261 tumor cell injection and survival analysis Male C57BL/6 mice were anesthetized with isofluorane and fixed in a stereotactic head frame (David Kopf Instruments, Tujunga, CA). A midline scalp incision was made and the bregma was identified. Stereotactic coordinates were measured (2.0 mm lateral, and 1.2 mm anterior to the bregma) for implantation of cells into the deep frontal white matter. A burr hole was drilled at this point and 1 9 10 5 GL261 cells suspended in 5 ll of DMEM were injected through a Hamilton syringe with a fixed, 25-gauge needle at a depth of 3.0 mm relative to the dura mater. Injections were performed at 2.5 ll/min. The needle was withdrawn and the incision sutured. Kaplan-Meier survival plots were drawn and median survival times were determined for all groups. Survival differences were assessed for significance using the Mantel-Cox method.
Immunization of mice
Proof of principle studies in mice were performed with SVN53-67/M57-KLH in incomplete Freund's adjuvant (IFA) with 100 ng GM-CSF both given s.c. locally and with a peptide loaded DC2.4 dendritic cells as well. DC2.4 cells were maintained via in vitro cell culture. After 4 days of tumor implantation, 1 9 10 7 DC2.4 cells were pulsed with 100 lg of peptide (SVN53-67/M57) at 37°C for 2 h. Cells were washed and re-suspended in PBS, 1 9 10 6 peptide-loaded DCs were injected s.c. into C57BL/6 mice. This inoculation was repeated as a booster vaccination 7 and 14 days later. Mice receiving SVN53-67/M57 as a KLH conjugate were injected at the same time point as DC treated mice, receiving 100 lg of peptide emulsified in IFA with 100 ng of GM-CSF also injected s.c. in close proximity to the vaccination site.
Magnetic resonance imaging
Experimental imaging studies were carried out in a 4.7 T, 33-cm horizontal bore magnet (GE NMR Instruments, Fremont, CA) as described [10] . T2-weighted fast spin echo images were acquired on coronal and axial planes to determine the presence and size of established cerebral tumors [10] .
Peptide binding
Computer predictions of peptide binding were determined using the ''SYFPEITHI'' program [11] . Binding predictions are based on published motifs (pool sequencing, natural ligands) which take into consideration the amino acids in the anchor and auxiliary anchor positions, as well as other frequent amino acids. Peptides were chosen for studies based upon predicted strong binding to HLA-A*0201. Binding affinity determinations of altered survivin peptides were performed as described by Dionne et al. [12] . The affinity determination of SVN 53-67/M57 for HLA-A*0201 was performed utilizing competitive peptide displacement assays. As much as 1 9 10 7 T2 cells were cultured in the absence of serum for 16 h at 27°C. The peptide HPV18-27/FITC-23 (1 lg/ml), which was used as a standard MHC class I binding reference peptide, was added to 2. 
Autologous and allogeneic target cells
Autologous primary glioma, PCNSL, and CLL cells were used as targets in CTL assays. Other established cell lines were used as allogeneic targets, including U87 human glioma cells (HLA-A*0201), which were obtained from ATTC. Primary cultures of human glioma cells with HLA-A*0301, HLA-A*0201 alleles were derived from human glioma surgical specimens. Primary cell cultures were HLA-typed using high-resolution PCR (A locus SSP Unitray) (Invitrogen, Carlsbad, CA, USA). Fresh tumor specimens were washed with sterile PBS, cut in to small pieces using sterile blades and treated with 0.25% trypsin for 10 min to obtain a cell suspension. Cells were seeded in plastic flasks containing culture medium and maintained in a humidified atmosphere of 5% CO 2 at 37°C. All cell cultures were maintained in Dulbecco's modified Eagle's minimal essential medium (DMEM) with 10% fetal calf serum (FCS) in a humidified atmosphere of 5% CO 2 at 37°C.
Dendritic cells and cytotoxic T lymphocytes
Human and murine PBMC were collected from whole blood and isolated via Accuspin Ficoll-Paque gradient column (Sigma) centrifugation. A portion of the human PBMC was cultured and used for dendritic cell differentiation. A second portion was cryopreserved for CTL production. Human dendritic cell cultures were differentiated with 20 ng/ml GM-CSF (Genscript, NJ) and 10 ng/ml IL-4 (RND systems) for 5 days, after which specific peptide and CD40L was added to induce maturation overnight. DC production was monitored by immunophenotyping for CD11b, CD11c, CD80, CD86, CD40, MHC class I, and class II expression. Cryopreserved human PBMC were thawed and added to DC cultures to differentiate into CTL in the presence of human IL-2 (20 ng/ ml; RND systems). In contrast, PBMC from vaccinated mice were directly re-stimulated with specific peptide the presence of murine IL-2 (20 ng/ml) (RND Systems, Minneapolis, MN, USA) in vitro. After 10 days in culture, PBMC were harvested and utilized as described below.
CTL assays
Measurements of cytotoxic T-cell activity were performed on human and murine cultured PBMC using similar methods. After 10 days, CTLs were added to target (glioma, PCNSL, or CLL) cells in culture to assess cell killing ability. Target cells were labeled with DiOC 18 (green fluorescence), washed and resuspended in DMEM. Next, target cells (DiOC 18 -labeled) were added to CTL in ratios ranging from 5:1 to 40:1 (effector:target cells) for 2 h. Conditions were also established to assay background, spontaneous membrane integrity loss and maximal lysis, as well as controls. Propidium iodide was added to each tube to label cells with permeated cell membranes red. Cells were analyzed by flow cytometry (FACScan flow cytometer, BD Biosciences, Mountain View, CA) and analysis was based upon gating on labeled target cells to eliminate background from effector cells. Spontaneous cytotoxicity represents target cells incubated in the absence of effector cells. Flu and gp100 peptide stimulation are positive controls. Maximum release is determined by ethanol treatment and percentage cytotoxicity is calculated using the formula: (experimental PI-DiOC 18 cells -spontaneous)/(maximum PI-DiOC 18 -spontaneous PI-DiOC 18 ) 9 100. Data were analyzed using FCS Express software. Data represent mean percent specific lysis ± S.E.M. of triplicate samples.
Direct HLA-A*0201 pentamer binding We used MHC class I pentamers specific to wild type and mimic survivin peptide epitopes to assess the presence of survivin-specific T cells generated ex vivo by peptideloaded DC stimulation, as described above. CD8 ? T cells were expanded following ex vivo stimulation with SVN53-67/M57 of PBMC from tumor patients. Pro5
Ò MHC class I pentamers (ProImmune, Bradenton, FL, USA) were designed to recognize T-cell receptors that bind the core CTL epitopes SVN56-64wt and SVN56-64/M57. Survivin-specific R-PE-labeled pentamers were incubated with PBMC for 10 min at 22°C. Samples were incubated with anti-CD8 FITC (clone LT8) for 20 min at 4°C. Cells were fixed for analysis by flow cytometry. CD8? cells that were doubly labeled were considered positive for pentamer if [5% over baseline. Data were analyzed using FCS Express software. Analysis was based upon gating on CD8? T cells only.
Cytokine production CTL of glioma patients were derived as described above and assessed for specific cytokine production in response to SVN53-67/M57 and SVN53-67 stimulation in vitro. An IFNc ELISArray kit (SA Biosciences, Frederick, MD) was used to analyze culture medium samples from days 2 to 14, according to the manufacturer's instructions. Intracellular cytokine measurement and analysis in murine cells were performed as previously described [9] . Mouse Cytokine Intracellular Control Cells (eBioscience, San Diego, CA, USA) were used as positive controls for IFNc expression.
Results
Survivin target antigen expression
We examined 25 human surgical glioblastoma specimens using RT-PCR for detection of survivin transcripts. Survivin was expressed in over 90% of the tumors. Figure 1a shows a representative sample of 12 human gliomas examined by RT-PCR. Of the 12 tumors screened, all but one (lane 7) had detectable survivin expression. In addition, immunofluorescence studies (Fig. 1b-c) of GL261 glioma cells growing in the brains of mice demonstrate that survivin is expressed throughout the tumor (Fig. 1c) .
Peptide selection for survivin vaccine
To select candidate peptides for a survivin vaccine, we searched the survivin molecule for sequences that would be potentially immunogenic in humans with HLA-A*0201 phenotype (Fig. 2) . In order to provide a relevant mouse model for tumor immunotherapy, we preferentially considered peptides with epitopes that could also bind H2-K b . Next, we tested candidate peptides spanning the survivin molecule for antitumor effects against GL261 murine gliomas grown orthotopically in immunocompetent, syngeneic C57BL/6 mice. Of 15 candidates, one peptide (SVN57-64) provided a distinct survival advantage [10] . Therefore, we chose to focus on this site in the molecule for further investigation. Because the SVN57-64 peptide does not exhibit strong HLA-A*0201 binding in humans it might be expected to be weakly immunogenic. Therefore, we used reverse immunology to consider the effects of various peptide alterations on binding and immunogenicity. We designed 12 peptides with various amino acid substitutions at anchor positions in an effort to optimize both factors. One peptide, containing a C-to-M (cysteine to methionine) amino acid substitution at position 57 (i.e. M57) resulted in greatest median survival in the orthotopic murine glioma model (data not shown).
We expanded upon this strategy based on the M57 substitution by synthesizing a larger peptide (15 AA) to encompass multiple MHC class I-binding epitopes for CD8? T-cell (CTL) generation (Fig. 2) . This peptide mimic retains the altered amino acid position in each of the CTL epitopes. Importantly, the resulting peptide mimic (SVN53-67/M57) was designed to be large enough so that it could also serve as an MHC class II binding ligand (Fig. 2) to stimulate survivin-specific CD4? helper support.
Peptide binding to MHC class I molecules
We performed indirect MHC class I binding analysis using the core peptide epitope contained within the SVN53-67/ M57 peptide mimic (Fig. 3a) . To assess binding affinity of the mimic peptides, we used human T2 cells, which present empty HLA-A*201 molecules at their cell surface. We loaded the HLA-A*201 molecules on these cells with a fluorescently labeled HPV-18-27 MHC class I ligand for use in competitive displacement assays. Figure 3a shows that the survivin mimic peptides (SVN56-64/M57 and SVN53-67/M57) are capable of displacing HPV at low concentrations, similar to that observed with other known MHC class I ligands, such as gp100/209-217 and Flu58-66. In contrast, the wild-type peptides (SVN56-64 and SVN53-67) displaced HPV peptide at 556 and 1,176-fold (respectively) higher concentration than the mimics.
We also used a second specific assay with synthetic pentamers to compare direct binding of the mimic and wild-type peptides to HLA-A*0201 (Fig. 3b) . We found that the core peptide mimic (SVN56-64/M57) had 74-fold higher binding to HLA-A*0201 than the wild-type SVN56-64 core peptide. This would be expected to result in a longer association time between the mimic epitopes and the MHC I molecules.
Survival and immune response of immunized mice with gliomas
We examined the efficacy of the SVN53-67/M57 peptide mimic in an immunocompetent, syngeneic, murine intracerebral glioma model. In the present study C57BL/6 mice were immunized with SVN53-67/M57 either as a DC-loaded peptide vaccine, or as a KLH-conjugate, beginning 4 days after tumor implantation. Vaccinations were repeated (booster) every 7 days for a total of 3 doses. Kaplan-Meier survival plots were drawn and median survival times were determined for all groups. Long-term survivors were confirmed to be tumor-free by high field strength MRI (Fig. 4b) . CTL responses against GL261 glioma cells were observed in culture using splenocytes from mice vaccinated with SVN53-67/M57; however, the core peptide mimic SVN56-64/M57 did not generate as robust CTL response (Fig. 4c) . Intracellular IFNc production specifically by CD4? cells also increased significantly (Fig. 4d) following SVN53-67/ M57 immunization, indicative of a class II response with the larger peptide only.
Human studies of the SVN53-67/M57 peptide mimic Using fresh PBMC from glioma and PCNSL patients to produce dendritic cells (DC) in vitro, we assessed the ability of survivin peptides to stimulate CTL responses against allogeneic and autologous human tumor cells ex vivo. The survivin peptide mimic produces a more potent tumor lytic response than the wild type survivin peptide. An HLA mismatch of PBMC and tumor led to an abrogation of cell-mediated cytotoxicity (Fig. 5a ). As observed in H2-K b mice with GL261 gliomas, lymphocytes from HLA-A*0201 tumor patients were able to be stimulated to lyse allogeneic HLA-A*0201 glioma cells (Fig. 5b) . In addition, we observed that the SVN53-67/M57 vaccine stimulated CTL lytic responses in samples from HLA-A*0301 patients (Fig. 5c ). Patient PBMC also effectively lysed autologous tumor cells (Fig. 5d-f) . In addition to observing cytotoxic activity against malignant gliomas, we also detected CTL activity induced by the mimic peptide against autologous (HLA-A*2901/A*3002) CNS lymphoma cells (Fig. 5e ) and chronic lymphocytic leukemia (Fig. 5f) . Thus, SVN53-67/M57-stimulated DC not only produced a lytic response to several different MHC I haplotypes, but it also produced a lytic response to a variety of different tumor types. One HLA-A*11 patient's cells were not reactive to the peptide mimic (data not shown).
Days
Cytokine support in mice and humans IFNc was measured in murine and human PBMC derived cells (Fig. 6) . Initial murine studies of CD4? T cells stimulated by SVN53-67/M57 was performed using intracellular cytokine FACS analysis (Fig. 4d) . Subsequent human IFNc secretion was measured via ELISA of cell culture supernatant from HLA-A*0201 glioma patient PBMC's stimulated with SVN53-67 or SVN53-67/M57 in vitro, over 14 days (Fig. 6) . IFNc secretion progressively increased in cultures stimulated with the SVN53-67/M57 peptide mimic relative to unstimulated PBMC, indicative of cytokine support. Wild type SVN53-67 peptide resulted in only modest IFNc secretion.
T-cell specificity
We used HLA-A*0201 pentamers loaded with the core CTL epitope of SVN 53-67 (either SVN56-64 or SVN56-64/M57) to examine T-cell specificity (Fig. 7) . Using fresh PBMC from an HLA-A*0201 glioma patient to produce DC in vitro, we assessed the ability of survivin peptides to stimulate specific T cells. FACS analysis of SVN53-67/ M57-stimulated PBMC show a significant increase in the number of survivin-specific CD8? T cells (Fig. 7a) . In addition, the survivin-specific CD8? T cells were crossreactive to both SVN56-64 wild type and SVN56-64/M57 pentamers (Fig. 7a) . The cross-reactivity observed is indicative that T cells stimulated with SVN56-64/M57 also recognize wild-type survivin epitopes. Corresponding CTL assay data for patient T cells used in Fig. 7a are shown in Fig. 7b confirming lytic activity toward autologous glioma target cells.
Discussion
Survivin is an intracellular protein that belongs to the inhibitor of apoptosis protein (IAP) family. It has been shown to modulate the function of a number of terminal effector cell death proteases leading to an inhibition of apoptosis [1, 3, 13] . Although expressed during fetal development, survivin is rarely detectable in the normal tissues of adult organisms [4] . Malignant gliomas express survivin at high levels; whereas, normal glial cells do not [5] [6] [7] . Survivin is highly expressed in many other tumors as well, including prostate [13] , endometrial [14] , ovarian [15] and breast [16] carcinoma, and in multiple myeloma [17] and leukemias [18] . Consequently, survivin is recognized as a specific tumor target for cancer immunotherapy.
Circulating anti-survivin antibodies have been detected in patients with cancer, but not in normal volunteers [8] . Since survivin is an intracellular protein, anti-survivin antibodies are not likely to be clinically beneficial in treating cancer patients. We have also detected anti-survivin antibodies in a number of glioma patients (unpublished data). Thus, many cancer patients may already be primed to survivin antigens. In addition to anti-survivin antibodies, some cancer patients have survivin-specific CTL [19] . For example, monitoring of T-cell reactivity against survivinderived peptides in one melanoma patient in complete remission following non-specific IL-2 based immunotherapy identified naturally occurring functional CTL capable of recognizing survivin [20] . Low levels of MHC class Irestricted CTL directed against survivin peptides have also been identified in patients with breast cancer, leukemia and melanoma [19, 21] . Thus, the immune system of many cancer patients is often primed to recognize survivin, perhaps as a result of exposure to the survivin protein liberated by dying tumor cells. This may enable a specific immunotherapeutic approach to enhance and re-direct the existing immune response against the tumor.
T-cell clones with the capacity to be activated by selfproteins are frequently preserved following negative selection of higher affinity, self-recognizing clones in the thymus [22] . These potentially self-reactive cells ordinarily remain tolerized [23] . Altered peptide ligands (mimics) can provide a way to break tolerance to the natural self-epitope [24, 25] . Altered peptide ligands generated by substituting single amino acids within a peptide epitope can markedly affect immune responses. Specifically, substitution of binding anchor residues may be used to increase the affinity of the peptide mimic for MHC-I molecules [26] [27] [28] [29] . Effects of this manipulation can range from the induction of TCR antagonism, to T-cell anergy, to enhancement of T-cell responses [30, 31] . Based on its strong binding and immunogenicity relative to the wildtype survivin peptide (SVN53-67), the survivin peptide mimic (SVN53-67/M57) should stimulate lower affinity Tcell receptors, which have not been deleted during development. This would be expected to induce the proliferation of cross-reactive T-cell clones that recognize wild type survivin epitopes presented by tumor cells [5, 9, 22, 23, 25, 29] .
The antigen binding groove of MHC class I molecules normally accept peptide epitopes that are 8-10 amino acids in length. Occasionally, longer peptide epitopes can be accommodated, resulting in peptide bulging from the MHC cleft. The bulging peptide may facilitate an interaction between receptors that might not otherwise occur [32, 33] . It is possible that one or more processed forms of the survivin peptide mimic could undergo this type of interaction, in part accounting for enhanced immunogenicity of the mimic.
The generation of an effective and specific cell-mediated immune response may require the activation of both highly specific CD8? lymphocytes and CD4? helper T cells. The presence of MHC class II-restricted CD4? T cells that are specific for tumor-associated antigens has been recognized to provide helper factors in eliciting and sustaining cytotoxic CD8? T-cell responses to tumors [34, 35] . Attempts to maximize the immune response to tumors may be more effective if they include efforts to elicit T-helper cell support. A peptide vaccination strategy combining CTL and tumor-specific helper support provides an avenue of investigation that is distinct from previous efforts. We believe that this is an approach that has not been given sufficient attention previously in anticancer peptide vaccine trials. The survivin peptide mimic outlined here makes use of this strategy to induce anti-tumor CTL and specific T helper cell support as well.
While the SVN53-67/M57 peptide was designed to bind HLA-A*0201, SYPEITHI analysis and empirical data indicate that the peptide mimic binds to a number of other MHC class I molecules and stimulates a CTL response. Collectively, this represents a highly diverse patient population in which the vaccine might prove immunogenic (Table 1) . Also, our studies have revealed no significant advantage to using either peptide-loaded DC or a peptide-KLH conjugate, provided that GM-CSF is used with the conjugate as an attractant and maturant for DC. This is a potentially important observation since it would simplify the development of the peptide mimic for clinical use.
As compared to the wild-type peptide, SVN53-67/M57 elicits a 3-to 5-fold increase in CTL-mediated killing against allogeneic HLA-matched human glioma cells, autologous human glioma cells and autologous human CNS lymphoma cells. SVN53-67/M57 can elicit a cellmediated immune response that is significantly greater than that induced by the wild-type peptide. Thus, SVN53-67/ M57 can elicit a cell-mediated immune response against different types of survivin-expressing human cancer cells. Importantly, tumor cell killing is achieved through SVN53-67/M57-stimulated T-cell recognition of naturally processed survivin epitopes presented by tumor cells.
Several recent clinical immunotherapy trials have shown promising immunological and clinical responses in cerebral glioma patients. A phase I clinical trial of DCVax Ò -Brain showed 9 out of 19 patients still alive 8-82 months after initial surgery, most with no evidence of tumor recurrence. Phase II studies for this group have already indicated 5 immune responses associated with stable disease in one arm of that study [36, 37] . In a phase II clinical trial of 18 patients receiving CDX-110 Ò (EGFRvIII-KLH conjugated peptide vaccine), median overall survival (OS) was 26 months and median time to tumor progression (TTP) was 14.2 months. In addition, 3 patients remained relapse-free for more than 5 years. In another phase II study of 23 subjects, CDX-110 Ò was given with chemotherapy and median TTP reached 16.6 months with median OS of 33.1 months. Both CDX-110 Ò trials were single arm studies compared to historical controls having median OS of 15.0 months and median TTP of 6.3 months. After CDX-110 Ò vaccination, gliomas that progressed no longer expressed EGFRvIII, indicating that the initial immune response had selected for glioma cells that did not express the target [38, 39] . These examples suggest that immunotherapy has potential utility for the treatment of gliomas. The prospect of having an additional specific and highly expressed, immunological target, such as survivin, for peptide-based immunotherapy could facilitate the development of a multivalent vaccine strategy for these difficult-to-treat tumors.
